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Abstract. modcling of the GPS satellite yaw attitude 1s a
key element in high-precision geophysical applications.
This fact is illustrated here as a new model for the GI'S
satellite yaw attitude is introduced. The model constitutes a
significant improvement over the previously available
model in [ems of cfficicucy, flexibility and por tability.
T'he model s described | n detail and implementation 1SSUES,
including the proper estimation strategy, arc addressed. "The
pecformance of the New model IS analyzed and an ercor
budget is presented. 1 iinall y, the implementation of the
yaw biasonthe GGl ‘S satellites is revicwed fiorn its

inception until it reacl ied a steady state in Noveinber,
1995.

Introduction

On June 6, 1994, the US Air Yorce implemented 4 yaw
bias on most GPSsatellites. By January 1995 the
implementation was extended to all the satellites except
SVN 10. The yaw bias was implemented in order to fix a
problem with the attitude control subsystem that pi eventedd
the yaw attitude Of the satellite from being propesty
modeled during eclipse seasons (Har-Sever ct al. 1996). The
yaw at titude of a biased GPS satelli te during cclipsc
seasons is markedly different from thc yaw autiwde of a
non-eclipsing satellite, or from that of an unbiascd
satellite. The yaw attitude of the GPS satellite has a
profound effect on precise geophysical applications.
Mismodcling the satellite attitude can cause decimete: -level
range crrors. [t was necessary, therefore, to develop a
specia altitude model for biased GPS satcllites.

The first atlitude model written for the biased
constellation was made freely available to the GPS
community in the form of a collection of FORTRAN
routines (llar-Sever 1994). in addition to thc yaw bias
effects, the “noon maneuver” (scc definition below) was
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modcled properly for the first time. For simplicity we will
refer 1O this model throughout this paper as GYM94 (for
"GPS Yaw attitude Model - 947). GYM%4 was
implemented in the Jet Propulsion J laboratory 's (J11.)
GIPSY software (Zumberge et al. 199S) and, in various
forms, in other high-precision geodetic software packages.
The model w as successfully used in JPI s routine
processing of daily GPS o1 bits and ground stations
coordinates for the International GPS Service (1(iS), but it
porroved to - be comber some t O implement and very
demar ding in compulter 1esources, namely, memory and
CPU time.

In this paper we describe @ new model for the GPS
satellite yaw atlitude, eferred to as G YM95, It is
considerably more cfficient than GYM94 and its relative
simplicity allows for casy implementation. We start by
reviewing the basic problem oOf determining the yaw
attitnde of GPS satellites. W supply motivation by
presenting new cvidenee for the importance of proper yaw
modeling in son ¢ geoph ysical applications. Wc¢ then
deseribe the new model in detail, followed by an error
analysis. Yinaily, the state of the GPS constellation with
respect 10 the yaw bias iSdescribed and its implications on
theusage of the yaw model are discussed.

Background

‘J he analysis that led to the implementation of the yaw
bias on GGPS satellites is described by llar-Sever et al.
(1996), A general description of the first yaw attitude
model can SO be found there. 1 ‘or completeness, WC give
here @ briclsummary.

The nominal yaw attitude of a GpPS satellite is
determined by satisfying two constraints. 1 ‘irst, that the
navigation antennac point toward the geocenter and second,
that the nor mal to the solar array surface will be nointine
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at the Sun. * 1’0 meet these two conditions the satellite has
to yaw constanlly. The yaw attitude algorithm described
above is singular at two points - the interscctions of the
orbit with the Farth - Sun line. At these points the yaw
attitude is not single-valued as any yaw angle allows
optimal view of the Sun. in the vicinity of these singutar
points the yaw rate of the spacceraft, required to keep wack
of the Suu, IS unbounded, Thissingulatity probleiwas
largely ignored prior to the release of GYM94, Whilc this
mismodcling problem could be easily fixed through the
implementation of a finite limit on the spacecraft yaw rale,
a bigger problem existed that could only be addiessed by
changing the Attitude Control Subsystem (ACS) on board
the spacccraft. The ACS deterines the yaw attitude of the
satellite by using a pair of solar sensors mounted on the
solar panels. As long asthe Sun is visible, the sigual from
the solar sensorsis atruc represcntation of the yaw creor.
1 during shadow, in the absence of sunlight, U ic output
from the sensors is ¢ssentially zero and the ACS is driven
in an open loop mode by the noise in the system. Jt rns
out that cven asmal | amount of noise can be enough to
trigger @ yaw mancuver a maximum rate. ' 1o allow
modeling of Ihc yaw auitude of a GPS satellites, the ACS
had to be biased by a small but fixed amount. Biasing the
ACS means that the Sun SENsOr’s signal IS supcrposed
with another signal (the bias) equivalent (0 an obscrved
yaw error of 0.5° (the smallest bias allowed by the ACS).
As aresult, during periods when the Sunis obser ved, the
satellite yaw attitude will bc about 0.5° in enor with
respect to the nominal orientation . During shadow, this
bias dominates the open 100p noise and will yaw the
satellite at full rate in the dircction of the bias. Upon
shadow exit, the yaw attitude Of the satcllite can be
calculatcd and the Sun recovery mancuver can also be
modeled. The yaw maneuvers exccuted by the spicecrafl
from shadow entry until nominal attitude iS resvmied arc
termed collectivel y “the midnight mancuver”. A sornewhat
similar maneuver is taking, place near the other singularity
of the nominal yaw attitude model, at the point wheie the
satellite is closest to the Sun. ‘I’his maneuver is tenmed
“the noon maneuver”.

GYM94 was used opcrationall y in JP] s 1GS processing
from September 1994 to April 1995, It propetl y handled
both the midnight maneuver and the noon mancuver by
accounting for the yaw bias as well as thelimitonthe yaw
rate, The model computed the satellite yaw angle through
numerical integration of a control law, requiring asmall
step size for stability. 1 ts output was a large file contai 0ir ig
the yaw attitude history and, optionaly, partial derivatives
of the yaw attitude with respect to the yaw rate parameter.
This file could later be interpolated to retricve ayaw angle
at the requested time, This process required relatively large
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amounts Of compute memory and CPU time. In addition,
themodei's complex control law - asimulation of the on-
board attitude detennitation algorithm, did not allow much
physical insight into the problem. To overcome all these
deficiencics the GYMO95 mnodel was created. GYM95 is an
analytical model, in contrast to the numerical nature of
GYMO94. It is simnple cuough to be described by a small set
of formulas, allowing easy implementation in different
computing cnvironments. 1t allows queries at arbitrary
time points Wi(h great savings in computer  resources.
Finally, it allows more flexibility in tuning and adapting it
to the changing conditions of the GPS constellation.

The effects of GP’S satellite yaw attitude on
precise geophysical applications

Boththe carrier phase and pseudorange arc sensitive to
GPS satellite yaw. Bothare affected by changes in the
position Of the t ansii t antenna phase center. Unmodeled
variations in phase centerposition due to yaw can cause up
to 10 cininrange error in both the carrier-phase and
pscudorange observables (llar-Sever et al. 1996). In
addition, errorsin mnodcling the phase wind-up can lead to
dezirnctcl-level range. cirors (Wuct al. 1993). The wind-up
error cancels out wit h double differencing but is present
otherwise. The actal effect of this ranging error on
geophysical applications depends on the quantity being
estimated and on the ¢stimation strategy. Since 'y a w
modcling error is rathet lirnited in time, its effects also
depends on the number of eclipsing satellites and how
often they are being observed during shadow crossing.

Itwas alrcady established that using a proper yaw
attitude model {cither GYM94 or GYM95) carr improve the
accuracy Of the GPS orbits and station positions when
these are being solved simultancous! y (llar-Sever et al.
199G; Bar-Sever 1995). 1n this section WC explore the
effects of yaw attitude errors 0N the technique of precise
point-positioning, which USes predetermined GPS orbits
and clocks 10 solve for individual station position
(Zumberge and Bertiger 1995). Since there is no double-
differencing in this process, the wind-up error compounds
with the ptiase centerers or. This technique in routinely
used at JP}.to estimatc the position of stations in a
globally-distributed sub-set of the 1GS network. The
estitnation strategy uses GPS data over thirty hours at five-
minule intervals o fix  the dation  position.
Simultaneously, The station clock is also solved as a
white noise process and the total zenith troposphere delay
issolved as arandon i walk process.
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1 ‘o demonstrate the possible crror s thiat 3 esult from
mismodeling GPS satellite yaw, the following experiment
was perlonned. Twenty-cight globally -distributed stations
were point positioned over the period June 10 - June 30,
1995, duting which cight satcllites were in eclipse ‘['his
experimen t was repeated three times. First with the Tull
yaw attitude model and the estimated yaw rates, thess with
the yaw attitude model but with nominal yaw rates and,
finally, without the yaw attitude model, T1¢ 11011 tinal yaw
rates were on average 10% in error, compared to the
estimated yaw rates. 1'or some satellites, though, they were
25% in ercor. These weie the best a-priori values available
at the time. Some stations never obscrved any sate] i [c
during its eclipse. and, consequently, are unaffected by the
choice of yaw mode]. @orced to be constai it over the
estimation period, station position iS not very sensitive 1o
the relatively small amount of data from midnight-
mancuvering satellites. Consequently, with this estimation
strategy, station position is usually affected Bttie by the
choice of the yaw model. Nevertheless, some stations can
be affected at a significant level. This fac is demonsuated
in ‘1'able 1 where wc cornpare the quality of the position
estimates for the three stations t hat are mostaffectedby the
choice of the yaw model.

Using nominal yaw rates was just as clicctive as using
estimated yaw rates for all the stations except1°Q R, This
is probably a conscquence Of Ihe particular eclipsing
satellites phserved By FORT and the amount oOf curorin
their nominal yaw rates.

Naturally, estimated quantities that are allowed 1o var y
in time arc More sensitive t0 the yaw attitude of the
satellites. One SUCh quantity is the total zenith b opospherc
delay (179). This quantity has recently cruciged as an
important  by-product of GPS  positioning,  with
applic.aliensin climatolog Y and weather prediction (13cvis
et al. 1994). ‘1'0 bc useful in these applications the 17
has 10 meet stringent accuracy requitcments Of better than i
cm. Assuming now that the 171 cstimates obtained with
the full yaw modelare “truth”, and subtacting these
estimates from estimates obtained without the yaw model,
there arc many cases where the differences significantly
exceed 1 tin. 1 igure 1 depicts two examples: for 1:0R’]
and BRMU. T71> values for BRMU (after subti actingthie
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mean), estimated without the yaw model, are al SO presented
in 1 dgure | in order to demonstrate that the peaks in the
enor higuie are indeed associated with anomalous features
in the estimated value, Notice that although BRMU’s
position was hardly eftected by the choice of the yaw
model, its ‘1 7.1 estinrates in the absence of a proper yaw
model arc uvnacceptably crroncous. All the peaks in Yigure
1 correspond to epochs of observing an eclipsing satellite
duting its yaw mancuver.,

BRMU 72D ERKOR
RMS = 0.4 cm

--f"’?’”? R ’18 R 4
DAYS

TZD-26m
NO YAW MODEL

Y

Fig. 1. Effects of omitting the GPS yaw model 011 estimates of total
tt oposphere zenith delay (171 )) for FORT and B RMU. Fstimates of
171 with th full yaw reodel (with estitnated yaw rates) are considered
trath, Top: 1 7D errors for 1 “01<’1”, Middle: 17[) ervors for BRMU.
Bottom: estimatect 171) for BRM U afier a mean of 2.6 m was taken out
and when GPS yaw 1n odel was not used. The snow s indicate the
anotna lous fu atures of the estimates that correspond to the peaks in the

niddle figure.

“1'able 1. Repeatability ( in millimeters) in station position over eleven days as afuaction of the choice of GPS yaw

model. The repeatability is measured as standard deviationin the radial, long itude and latitude components of the

slation position. Stations were point-positioued using the JPT1G S solutions for satellites and clocks. The fornal

ercor iathe estimated 31 positionis about 5 .

No Yaw Mode] Yaw Model With Yaw Model With
_ . _ Nominal YawRatcs Fstimates Yaw Rates
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Using nominal yaw rates instead of estimated yaw rates
in the yaw model resulted in 171 errors that were about a
third as large as when no yaw model was used.

The new yaw attitude model (GYMO95)
overview

The yaw attitude of rr GP’S satellite can be divided o four
regimes: nominal attitude, shadow crossing, post- shadow
maneuver and noon mancuver. Most of the time (and for
non-eclipsing satellites all the time) the satellite IS in the
nominal attitude regime. 1 he post-shadow mancuver
begins immediately after emerging from the 1 ‘arih's shadow
and lasts until the satellite has regained it nominal attitude.
This phase can last from zero to 40 minutes. 't he Toon
maneuver docs not occur until the beta angle gocs below
about 5" and can last between zero and 40 minutes. A
typical orbit gcometry during eclipse season is depicted in
Yigure 2.

We shall start by defining some importantterias and
then dc.scribe the yaw atitude during eact of the four
regimes including the governing formulas. 1 ‘nally, wc
shall describe how 10 tic al the regimes togetherinto one
functional model and analyzc any built-in crr ors.

Definitions

orbit midnight: The point on the orbit furihest from the
un.

orbitnoon: The point 0N the orbit closest to the Sun,

orbit normal: Unit vector along the direction of the
satellite's angular momentum, treating the satellite as a
point-mass. (= position X velocity wher € the or der of
the cross product is important)

sun veetor: 1 he unit vector in the direction fromthe 1 darth
to the SUN.

beta angle: The acute angle between the Sun vector and the
orbit plane. 1t is defined as positive i T the Sun veclor
forms an acute angle with the orbit normal and negative
otherwise.

Sun
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orbit anglc: The angle formed between the spacecraft
posit101) vector and Orbit midnight, growing wi(h the
satellite's motion.

yaw origin: A unit vector that completes the spacecraft
position vector to form an orthogonal basis for (he
orbit plane and is in the general direction of the
spacecraft velocit y vector.

spacecraft-fixed 7. axis: ‘1 'he dircction of the GPS
navigation antennac.

nomina | spacecraft-fixed X axis: A unit vector orthogonal
10 the Spacecraft-lixcd 7. axis such that it liesin the
} ‘arth-spacecraft-Sunt plane and points in the general
direction of the Sun. (Note: this definition is not single
valued whenthe 1 arth, sSpacecraft and Sun are
collinear )

spaceet afl-fixed X axis: A spacecraft-fixed vector, rotating
with the spacecraft, such that far enough from orbit
noon and orbit ridnight it coincides with the nominal
spacecraft-fixed X axis. 1 idsewhere it is arotation of the
notinal spacemaf (-fixed X axis around the spacecraft-
fixed 7. axis.

nominal yaw angle: The angle between the nominal
spacecrafi-fixed X axis and the yaw-origin direction,
restricted to bein [- 180,1 80]. 1tis defined to have a
signopposite to thatof the beta angle.

yaw angle; The angle between the Spacctxafl-fixed X axis
anul the yaw-origin direction, restricted to be in
[- 180,180]. Also termed "actual yaw angle”.

yaw crron: "1 he differ ence between the actual yaw angle and
the nominal yaw angle, restricted to be in [-180,180].

niidnight mancuver. The yaw maneuver the spacecrafl is
conducting from shadow entry until it resumes nominal
atti tude sometime afler shadow exit

noon mancover: e yaw maneuver the spacecraft conducts
in the vicinity of orbit noon when the nominal yaw
1ate would be higher than the yaw rate the spacecraft is
able tomaintain. 1t ends when the. spacecraft resumes
nominal attitude.

spin-up/down time: ‘1 he ti me it takes for the spacecraft to
spin up or (town m its maxima yaw rate. he
spacecraft is spinning down when it has to reverse its
yaw rate,

orbit normal

* shadow exit

{

shadow entry

midnight
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Notations

i -'The orbit angle

B - The beta angle

K - The ILafll-Spacecraft-Sull angle

b - The yaw bias inserted in the satelliwe ACS
B - The actual yaw angle induced by h

£ g - The actud yaw angle

¥, -The nominal yaw angle

t - Current time, in seconds

t - T'ime of shadow entry

le - Time of shadow exit

t - Start time of the noon maneuver

1 - The spin-up/down time

¥y - Yaw angl¢ upon shadow cntry

Y - Yaw angic upon shadow exit

R -The maximal yaw rate of the satellite

RR - 'I"he maximal yaw rate rate (yaw acccleration ) of

the satellite

Angle units, i.e,, radians or degrees, will be implicd by
context. Radians will be usually used in formulas and
degrees Will be usually used in the text.

} "ORTRAN function names arc used whenever possible
with the implied FORTRAN functionatity, e.d.,
ATAN2(ab) is used to denote arc-tangent(a/b) with the
usual 1 ‘ORTRANsign convention.

The nominal attitude regime

‘1 ‘he realizat ion of the two requirements for t ic sat ellite
orientation mentioned above, yields the following for mula
for the nominal yaw angle:

Y = ATAN2(-tan f3,sin g0) + B(b, g3, 1) I

where g is the beta angle, 1 is the, orbit angle, ncasured
from orbit midnight in the direction of motionandl3isthe
yaw bias {scc below). It follows from this formula that the
signof the yaw angle is always opposite that of the beta
angle.

Ignoring the time variation of the slow-changing beta
angle Icads to the following formulafor the yaw rate (theee
arc simpler formulas but thCy contaiu 1 e vable
singularities Which ar¢ undesirable for computer codes):

‘i’,, = [1 tan g cos p/(sin? pr + tan? g) + f&(b, I{D) (?)

where gt varies little in time and can safely be replaced by
0.0083 degrees/second. Notice that the sign Of the nominal
yaw rate is the same as the sign of the beta angle inthe
vicinity of orbit midnight ( gt= O).

The singularity of these two formulas when = O and
p= 0, 180 is genuine and cannot be removed.
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The yaw bias

J ike any medicine, the yaw bias has its side effects.
Outside the shadow it introduces yaw  “errors”  that are
act ually larger that 0.5:. “1 o full y understand this we have
to describe the ACS hardware, which is beyond the scope
of this paper. The underlying reason is that the output of
the soki ir sensor IS pr oportional not to the yaw error but to
its sinc, and it is also proportional to the Sine Of the Farth-
Spacecraft-Sun angle, I, Itarns out that in order o offset
abias of b degreesinserted in the ACS, the satellite has to
actually yaw B degrees where Bis given by:

Bi(b, B, 1) =R(b1)=sin"(0.0175 b/sin 1)  @3)

where 0.0175 is a hardware-dependent proportionalit y
factor. The Harth-Spaceeraft-Sun angle, 1 ¢, the beta angle,
p and the orbit angle, j1, satisfy the following
approximate relationship:

cos)i= Cos 5 Cos 4

where IS restricted to [O”,] 80°). Formula (3) becomes
singular for 1: less than 0.5013". This has no effect on the
actual yaw became a small value of I{ implies that the
spacecraft isinthemiddle of amidnight or noon maneuver
and s already yawing at full rate. The actual yaw bias, B,
becoines significant only for moderately low values of the
Farth- Spacecraft-Sull angle, Y. Tor example, for =5
which isthe typical valuc at the noon maneuver entry, the
actual yaw bias isB==6". The bias will, therefore, affect
the yaw atlitude (1uingthe noon maneuver, but it will
have little cffectonthe miduight maneuver which begins
atl augles of around 137, for which B=2",

The bias rate, B, is given by:

B(b, 3, [1)=-0.01"/5h cos}cos Fsin g [1 /
(cos B sin’L) (5)

The ACS bias, b, can be 10.5° or 0°. Starting
Novembet 1995 the bias 1S set to+ 0.5” on all satellites.
13efore that, with few exceptions to be discussed below, the
bias was set to b = -SIGN(0.5, ) since this selection was
foundto expedite the Sunrecovery time after shadow exit.

1 he shadow ¢y ossing regime

As soon as the Swit disappears from view, the yaw bias
alonc is steering the satellite. On some satellites the yaw
bias has a signopposite to that of the beta angle. To
“con cet” for the bias-induced error such a satellite has to
rever Seits yaw rate upon shadow entry. For those satellites
with bias of equalsign to that of the beta angle there isno
yaw reversal. The bias is large enough to cause the satellite
to yaw at full rate vatil shadow exit when, finally, the bias
can be compensated. The yaw angle during shadow
crossing depends, t herefore, on three parameters: *1'1 ¢ yaw
angle upon shadow entry, ¥'i, the yaw rate upon shadow
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entry, Vi, and the maximal yaw rate, R. 1 ctt;bethe lime
of shadow cntry, (. be the time of shadow cxit, and let t be
the current time and define:

(1= (SIGN(R,b) - ¥{)/SIGN(RR,b) (6)

to be the spin-up/down time. Then the' yaw angle during
shadow crossing, (', is given by:

W=+ \i'i (U- ;) 4 0.5 SIGN(RR,b) (1 - ;)¢ (7a)
for t < ; + 1y and

W= 4 Wiy + 0.5 SIGNRID) (2 + SIGNR.b)
A-1- 1) (7b)

for to >t >+ (.

Using these formulas, the singularity problemof the
nominal attitude a midnight isavoided.

The post-shadow mancuver

The pm-shadow mancuver is the most delicate part of the
yaw attitude model. The post-shadow mancuver depends
critically upon the yaw angle at shadow exit. 1he ACSis
designed to reacquire (hc Suninthe fastest way possible,
Upon shadow exit the ACS has two options: one is to
continue yawing at the same rate until the nominal attitude
IS resumed, or sccond, to reverse the yaw rate and yaw at
full ratc until the nominal attitude is resumed. T this
model we assume that the decision IS based o1 the
difference between the actual yaw angle and the nominal
yaw angle upon shadow exit and wc denote this difference
by D. If {, is the shadow exit timc then:

D= (1) - ¥ (1) - NINT(Y 4(t) - ¥ (1))360) 360 (8)

and the yaw rate during the post-shadow mancuver will be
SIGN(R D).

Given the yaw angle upon shadow cx it, thie yaw rate
upon shadow exit, SIGN(R,b), and the yaw 1ate during the
post-shadow 1nancuver, we can compute the actual yaw
angle during the post-shadow maneuver by using formula
(7) with the appropriate substitutions. This yields:

L= (SIGN(R,D) - SIGN(R,b))/SIGN(RR,1D) ©

¥ = Y (1) + SIGNQ,D) (- 1) + 0.5 SIGN(RR 1))

(t-1)? (10a)

for (<t,4tyand

Y =¥ (L) + SIGN(R,D) t; + 0.5 SIGN(RR, 1) ;% +
SIGNR,D) (L - 1 - 1)

for t, >tU> 1+ .

(10b)
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(., is the end titne Of the post-shadow maneuver. The
post-shadow mancuver ends when the actual yaw atlitude,
derived from formnula 10, becomes cqual to the nominal
yaw altitude. mGYMI5t,, is determined by an iterative
process that brackets the root of the equation W (t) =¥ (1),
where the tinie dependence of W (D) IS introduced by
substituting 4= /1, + 0.0083 ¥(t-t, ) in formula 1. ‘I’his
cquation can be solved as soon as the satellite cmerges
from shadow. Once the time of resuming nominal yaw is
reached we switch back to that regime.

The noon maneuver regime

The noon mancuver regime starts in the vicinity of orbit
noon, when the noruinal yaw rate reaches its maximal

allowcd value and cuds when the actual yaw atlitude catches
Up with the nominal regime. Yirst we have to identify the
starting point and this can be done by finding the roof, t,,

of the equation ¥, (1) =-SIGN(R, ), where Y'I,(t) is the
nominal yaw rate from formula 2. Afier the start of the
noon mancuver the yaw angle iS governed by formula (7),
again, with the propet substitutions. Thisyields:

¥ =W (1) - SIGN(R, ) (L-1t) (12)

The end time is found by the same procedure that is used
10 find the end time of the post-shadow maneuver.

1he complete model

Satellite position aud velocity, as well as the timing of
shadow Crossingsare requined inputs to GYMO9S. The
model is able 1o bootstrap, though, if these input values
arc vnavailable far cuough into the past. Yor example, if
the satellite is potentially in (he post-shadow regime upon
first query, there IS a need to know the shadow entry time
so that al the inputs to formulas (9) and (10) arc known. If
this shadow cntry time is missing from the input, the
1nodel can compulte itapproximaiely as well as the shadow
exit time. Onccallthe timing information is available,
yaw angle queries can be made at arbitrary time points. The
modelwill deterniine the relevant yaw regime and compute
the vaw angle using the correct formula. Given the above
forwlas it is au casy matter to compute the partial
derivatives of the yaw angle with respect to any parameter
of thie problen, e MoOst important of which is the
max i mat yaw rate, R.

Model fide lity

The fidelity of the model is a measure of how accurately it
describes the troe txchavior of the satellite. ‘1 ‘hisis hard to
measure: because there 1SN0 high quality telemetry from
the satellite and because the estimated value of the main
madel parameter, namely, the yaw rate, depends on many
other factors besides the attitude model itself: data,
estimation st ategy and other’ models for the orhit and the
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radiomeuic measurenients., Never theless, SOME
conservative evaluation of the accuracy of (1 YMIS is
possible, bascd on experience accumulated with the use 01
this model and its predecessor, GYMO4,

‘The nominal attitude regime is believed to be very
accurate. 'The only source of error IS niispointing of the
satellite which is poorly understood and relatively small (of
the order of 1" around the pitch, yaw and roll axcs).
Compensations for the dynamic effect of this error source
were discussed by Kuanget al. (1995) and Beuter et al,
(1994) where it was treated, properly, within the context of
the solar pressure model.

Modeling the midnight maneuver accurately is difficult.
Inherent uncertainties such as the exact shadow entry and
exit time are persistent error SOUrces. Inaccuyacizs in
shadow entry time arc more important that inaccuracics in
shadow exit time because errors in the fon ner are
propagatcd by the inodel throughout t he midiight
maneuver. in contrast, error in the shadow exittime will
affect the post-shadow maneuver only. 1iither way, the
inaccuracy will be manifested through a constant erron in
the yaw angle, which can be partially compensated through
the estimation of the yaw rate. T'he length of the penumbra
region is usual i y about 60 seconds. Sometime during | his
period the yaw bias begins m dominate the signal from the
solar sensor. GYM95 puts that time midway into the
penumbra. The maximum timing error is, therefore, less
than 30 seconds. A worsl-case scenario, ignoring the short
spin-up/down period and  using ayaw rate Or 0.13
degrees/second, Will give rise to a constant yaw crior of
30*0. 13 == 4 degrecs throughout the midnight maneuver.
A more reaiistic estimale iS3°, even before applying yaw
ratc compensation, afier which the RMS crror wil | remain
the same but the mean is expected (o vanish, Another en 01
source iSthe uncertaint y in the value of the maxi mal yaw
rate rate, RR. This parameter is weakl Y observable axl
therefore difficult tO estimate. 1he nominal value for RR
that is used in GYM95 is 0.00165 degrees/see? for Block
1A satcllites and (),()018 for Block 11. The uncet tainty in
those values should to be less than 30%. 1he long-tern
effects of ayaw rate rate error can be computed f rom the
second part of lormula (7) to be:

Y(RR) = (¥ SIGN®R,b) -0.5 ;2 - 0.5
SIGN(,b)2)/SIGN(RR, )

A worst-case scenario assuming W= -SIGN(R,b) :
0.13 and 30% crror in the yaw rate rate would give tise to @
yaw error Of about 5°. These assumptions also imply a
very short shadow duration, guarantceing that the error wi 11
not be long-lasting. For long  shadow cvents Wiz O ad
the resulting yaw crror isabout 1'. Again, this crrorcanbe
partially offset by estimating the yaw rate.

*1 ‘henain error sovree for the noon mancuver is the
timing uncertainty of the onset of the maneuver. This
uncertai nty is not ¢ xpxected to be larger than two minutes.
A timing enor of two minutes will cause. a constant yaw
error of about 1 57, assuming ayaw rate of 0.13 deg/sec.
‘The relatively short duration of the noon maneuver
diminishes somewhat he effects of such alarge error.
Estimating the yaw rate will decrease the error further.

The yaw rate, R, isthe key parameter in the model. Since
itis time-integrated, a small error in R will cause a yaw
error which is growing in time. 1'or example, an error of
0.01 */sce, which iStypically less than 10% of the value of
R, will giveriseto a3( ctror in yaw at the cad of a S0-
minute shadow event. ‘] herefore, great care should be
exercised in choosing values for the yaw rates or,
alternatively, they should be estimated. Estimated 'y aw
ralcs available from 191, (see below) are believed to be
accurate to beuer than 0.002° /sec (1 o) bawd on their
formal errors.

Although unlikely, errors from different sources can
augment. in tat case the maximal error for each regime is
as follows: 2 for the nominal yaw regime, 9° for the
midnight mancuverregime and 15° fOr the noon maneuver
regime. 'I'ypical errors are expected to be less than half
these values.

Oper ational aspects

Continuons changes in the implementation of the yaw bias
int Lie ACSof Gl 'S satellites and occasional hardware
problems require appropriate adjustinents to the yaw
attitude model. This scction reviews the changes in the
(3PS constellation affecting the yaw attitude since the
initial implementation of the yaw bias on Juune 6, 1994,

Initially, the yaw bias was inscriecd into all GPS
satellites except those with a reaction wheel failure (SVNs
14,18 and 20 at the time). SVN 10 does not allow for a
yaw bias. On January 9, 1995, a reaction wheel failure on
SVN 16 forced the GPS operators to switch off its yaw
bias. Then, on January 31 the Air Yorce agreed to extend
the implementation of the yaw bias to the satellites with a
reaction wheel failure and the implementation WasS carricd
out a week later, Currently, all 24 operational satellites are
yaw biased. The four satellites with reaction wheel failure
canhiot yaw att he same 1 ate as a healthy sateltite and their
yaw rate iSabout 23% smaller.

‘I'he yaw bias can be set positive or negative. It can be
shown that if the sign of the yaw bias is opposite that of
the beta angle, the Sun reacquisition time after shadow exit
is mirdmized, For this reason the US Air Yorce had
routinely switched the sign of the yaw biasin a satellite
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whenever (he beta angle crossed zer 0, such that b =
SIGN(0.5, ). 1 duc 10 operational constraints it was
impossible 10 carry out this switch exactly when 3= ()
and it was actually can icd out within 24 hours of the beta
angle sign change. The actual time of €ach bias change can
be obtained from the file
“pub/Gl - yaw. attitude/yaw_ bias_ tablc™ on [ode
1 28.149.70.41. Uncxplained anomalies in the estimated
yaw rales (See below) that were corrclated with the bias
sign swilch led US to request that the Air FLorce stop
switching the bias sign, 1he request was granted on an
experimental basis and, gradually, from Septembier 1995 to
November 1995 the yaw bias on all GPS satellites was set
to +0.5° and it remained unchanged cver since. AS a result,
(he. above-mentioned anomalies disappearcd, making the
y a w rates much more predictable and, cssentially,
removing the need (o estimate them. The precise history of
the yaw bias for cvery satellite can be found in the file
“pub/GPS_yaw_ attilude/yaw_ bias_ (abl€”,

The estimated yaw rates

Aspart of the implementation of the GYM models at J1°)
the yaw rates Of al eclipsing satellites are cstimated for
every midunight mancuver and €VEry noon mancuver. In
1, sGIPSY software thisis done by treating the yaw rite
as a piccewise constant pacameter for each satellite, Yhe
parameter value is allowed 1o change twice perrevolution,
mid-way between noon and midnight. IP1routinely
publishes the final estimates for the yaw rates. They ac
available as daily text files via anonymous fip to
128.149.70.41, directory "publjpligsac”. Unfos tunately,
duc 1o a software bug, the archived yaw rates for dates pyior
1o Yebruary 16, 199S, were in error. J ‘igure 3 depicts the
estimated yaw rates for each eclipsing satell i te, for cachy
midnight maneuver and for cach noon mancu ver, frou
1cbruary 1610 Apri | 7.6, 199S. The accuracy of the
estimates depends on the amount Of data available duciung
tact) mancuver and this, in turn, iS proportional to the
duration of the mancuver. The longer the mancuver the
better the estimate. The effect of a reduced estimation
accuracy during short maneuvers is mitigated by the fact
that the resulting yaw enor is aso proportional 10 the
duration of the mancuver. Tor long mancuvers, €.9.,
midnight mancuver at the middle of eclipse season, the
estimates are accurate to 0.0020/see, which leads to a
maximal yaw esror Of about 6°. A similar error level is
expected for short mancuvers. Noon maneuvers occur only
during the middic part of the eclipse scason. In Figuie 3
they can be distinguished from midnight mancuve rates by
the larger’ formal ersors associated with them, Since they arc
typically short events of 15 to 30 minutes duration, Asa
result, the scatier of the noon maneuver rates islarges than
that of the midnight mancuver rates. Toward the edges of
the eclipse scason the quality of the yaw rate estimates
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drops, again because of the short duration Of the shadow
events.

The most striking  feature  in YVigure 3 IS the
discontinuity of the cstimated yaw rates in the middle, of
eclipse season, corresponding to the beta angle crossing
7e10. No plansible explanation is currentl y available for
this jump. SVN 29 is the only satellite that dots not have
a jump discontinuity; this is aso the only satellite that
docs not under go a bias Switch in the middle of eclipse
season. SVN 31is the only satellite with a jump from
high yaw ratesto low yaw rates as the beta angle
transitions from positive the negative. The ratio of the
high yaw rate val ues to the low yaw rate values is about
1.3 for all satelites. Within each half of the cclipse scason
the midnight yaw rates are fairly constant, varying by 10%
O r less. T'his behavior was found to be 1 Q0% correlated
with the event of the yaw bias sign switch, taking place
around the time the beta aungle crosses zero.  After
November 1995, whenthe yaw bias was set permanently
0+ 0.5", nodiscontinuvitics were observed.

A table containing a-priori Yaw rate values for each
satellite IS available oninternct node 128.149.70.41,
directory “pub/GE* S, yaw._attitude/nominal_yaw, rates”. ] or
midnight mancuvers taking place after November 1995,
these rates ar ¢ belicved 10 be accurate to 0.005 °/sec (1 ©).
‘This should by accurate enough for most users, eliminating
the need to estimate the yaw rates, Jistimated Yaw rates for
cach satelli te and for cach midnight mancuver and noon
mancuver are @0 fieely available from J 1)1, with about a
week dcliiy. They canbe 1 °fPed from the relevant sub-
directorics Of “pub/ipli gsac”, These yaw rates arc believed
to be accurate to 0.002%s¢¢ (1 cJ).

"The noon mancuver yaw rates Seem 1o be more variable
than the midnight mancuver rates, 'This 1S not only a
consequence ol the weak observability but also of the fact
that tile spacecraft is subject to avarying levet of externa
torque during the noon mancuver as the celipse  Seasons
progresses. Noverthieless, 1P will continue to estimate the
yaw 1ates for every midnight maneuver and for every
shadow mancuver inorderto maintain the highest accuracy
andin order to monitor the systern,

The mexdeling of the post-shadow mancuver is a
problem fos which a satisfactory solution has not yet been
found. The souice Of the problem is the presence of the
post-shadow regime which makes the estimation of the
yaw rate iiito a nonlincar problem.’l “here is always a
critical value of the. yaw rate such that for higher valucs
the spacecraft Will reverse its yaw upon shadow exit and for
lower values the spacecraft Wi 1l 1 etain its yaw rate until the
endof the miduight mancuver, If this critical value falls in
the range of feasible yaw 1 ates - which It often docs - It
becomes very difficult 10 determine the kind of manenver..
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taking place upon shadow exit. 10 avoid this post-shadow
ambiguity we have been rejecting measurement data from
shadow cxit until about 30 minutes thercafter.
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